Half the patients with acute myeloid leukemia (AML) who achieve complete remission (CR), ultimately relapse. Residual treatment-surviving leukemia is considered responsible for the outgrowth of AML. In many retrospective studies, detection of minimal residual disease (MRD) has been shown to enable identification of these poor-outcome patients by showing its independent prognostic impact. Most studies focus on molecular markers or analyze data in retrospect. This study establishes the value of immunophenotypically assessed MRD in the context of a multicenter clinical trial in adult AML with sample collection and analysis performed in a few specialized centers.
INTRODUCTION
Acute myeloid leukemia (AML) is characterized by an abnormal proliferation of myeloid progenitor cells and subsequent bone marrow (BM) failure. Despite high remission rates after intensive chemotherapy, 5-year survival is only approximately 30% to 40%. Apart from increasing complete remission (CR) rates, an important goal for treatment, guided by prognostic factors at diagnosis, is to tune clinical management in the postremission phase. Currently, the most important prognostic factors at diagnosis encompass cytogenetics and molecular abnormalities. [1] [2] [3] [4] Although of utmost importance in risk stratification, treatment outcome for specifically defined risk groups is still highly variable, especially in intermediate-risk AML. Thus, there is a need for additional prognostic factors, which may include treatment-and response-related factors. In several correlative studies, minimal residual disease (MRD)
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has been convincingly shown to provide such additional prognostic information. [5] [6] [7] [8] [9] [10] [11] [12] [13] [14] [15] Of interest, in the study by Rubnitz et al, 16 MRD remained a prognostic factor in patients in whom treatment was intensified on the basis of MRD positivity. MRD is defined as leukemic cells persisting after chemotherapy below the sensitivity (detection limit) of routine morphology. The most widely used techniques to assess MRD in AML use molecular or immunophenotypic aberrancies. For the immunophenotypic identification of MRD, aberrantly expressed markers are combined with normal myeloid antigens and, when possible, progenitor markers, resulting in a so-called leukemiaassociated phenotype (LAP), which must be established at diagnosis. Because the LAP is not present on normal cells (or is present at relatively low frequencies), remission BM can be analyzed for LAPpositive MRD cells with sensitivities ranging from 10 Ϫ3 to 10 Ϫ5 (one leukemic cell in 1,000 to 100,000 WBCs). 7, 9, 12, 17, 18 It is important to realize that these studies in patients with AML were performed retrospectively, mostly in a single-institute setting, thereby introducing well-known potential bias. By identifying cut point values on the order of 0.01% to 0.1%, it has been possible to identify patients markedly differing in prognosis. In our retrospective study, we showed similar results with cut points usable in a range of 0.06% to 1%. 10 In this study, we set out to prospectively validate the previously defined cut points in a multicenter international clinical trial (Dutch-Belgian HematoOncology Cooperative Group/Swiss Group for Clinical Cancer Research Acute Myeloid Leukemia [HOVON/SAKK AML] 42A). To that end, we determined MRD percentages in a setting in which MRD assessment was performed without prior knowledge of clinical management, diagnostic features, or outcome. This study differs from other studies 6, 7, 10, 12, 19 since the patients were enrolled onto a large multicenter clinical study with preplanned sample collection and MRD analysis in a few specialized centers according to common protocols. The results show that by using methods established earlier, the previously defined cut points 10 are highly predictive for clinical outcome.
PATIENTS AND METHODS
The Data Supplement provides more detailed information.
Patients and Treatment
A total of 517 patients between the ages of 18 and 60 years were included in this study (Fig 1) . Patients were randomly assigned to receive granulocyte colony-stimulating factor (G-CSF; 5 g/kg) or no G-CSF during induction treatment. Data for these two groups were pooled since clinically there is no difference in survival. 20 In agreement with this, no significant differences were found between groups in MRD percentage after all therapy cycles. Patients were assigned to three risk groups on the basis of the following criteria: (1) good-risk patients included those positive for t(8;21) with WBC Յ 20 ϫ 10 9 /L, (2) those with inv(16) or t(16;16) and (3) those without a monosomal karyotype but with mutated CEBP␣ and those with mutated NPM1/FLT3 wild-type in CR after the first induction cycle. Poor-risk patients were defined as having non-core-binding factor leukemia with a monosomal karyotype, being positive for EVI1, or having 3q26 abnormalities. The remaining patients were classified as having intermediate-risk disease. Patient and treatment characteristics are provided in Table 1 .
Sampling and Logistics
Thirty-one centers participated in collection of patient samples as a part of the MRD side study of the HOVON/SAKK AML 42A clinical study. LAP assessment and MRD analysis were performed in four centers. A summary of Patients available for analysis (n = 389) Of 517 patients included, 389 patients showed one or more leukemia-associated phenotypes (LAPs) at diagnosis and were suitable for the monitoring of minimal residual disease (MRD) in remission bone marrow. Bone marrow samples from 164 patients were available for MRD analysis after the first cycle of chemotherapy, 183 samples were available after the second cycle, 40 samples were available after the third cycle, and 84 samples were available after transplantation. (*) Due to dry tap and no blasts in peripheral blood or poor quality material with mainly dead cells. ( †) Drop-off could be only partly explained with death or relapse before the next cycle could be given or within 3 months after consolidation treatment (cycle 1, n ϭ 0; cycle 2, n ϭ 3; cycle 3, n ϭ 13; transplantation, n ϭ 11). Other missing samples were not received. CR, complete response; CR1, first CR.
the logistics of sampling and MRD analysis is provided in the Data Supplement. BM samples were collected at diagnosis and at follow-up after every cycle of chemotherapy. LAP assessment and MRD analysis were performed in a setting in which the laboratories had no access to patients' clinical data until final MRD data were sent to the statistician. In addition, clinicians had no access to the MRD status of their patients. The data were included only for patients with a morphologic CR. Figure 1 shows the details of sampling outcome.
LAP Assessment
LAP assessment was performed in collaboration with the Dutch-Belgian MRD flow cytometry taskforce and was done in a two-step procedure. As a first step, a standard screening panel was designed to assess the immunophenotype of blasts, identified as dim expression of CD45 with low sideward scatter properties (Data Supplement). The second step consisted of the validation of the composed LAP by showing its actual presence on the leukemic cells, which should be on at least 10% of the blast population. The Data Supplement gives an overview of different LAPs identified in the study. The Data Supplement also shows LAP types as detected at diagnosis as well as LAPs actually used in follow-up for MRD assessment. For refractory anemia with excess blasts in transformation, only LAPs that covered the blast fraction were defined; here, no LAPs present on mature cells were used. Information on clones and commercial sources of all monoclonal antibodies used is provided in the Data Supplement.
MRD Detection
MRD analysis was performed as previously described. 10 Analysis of LAPpositive cells included multiple backgating steps to ensure that, compared with diagnosis, the LAP-positive cells show fairly identical positions in forward scatter channel/side scatter channel and CD45 expression. By using this method, LAP-positive cell populations could be distinguished from background expression in the gate. MRD percentage was defined as the percentage of LAP-positive cells within the WBC compartment multiplied by the correction factor: 100%/percentage of LAP-positive blasts at diagnosis. When there was a considerable amount of background expression in the gate, the correction factor 10 was set to 1. In addition, calculations of MRD percentage have also been performed by using uncorrected LAP-positive frequencies, both as percentage of WBC and as log reduction of LAP-positive cells (in both cases, LAP-positive events are relative to WBC count). MRD was also defined by quantitative reverse transcriptase polymerase chain reaction (qRT-PCR)-based log reduction. Total RNA was extracted, and complementary DNA (cDNA) was synthesized from 500 ng of RNA by using random hexamer priming, essentially as described.
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Statistical Analysis
Separate analyses were performed for three landmarks: sample in CR after cycle 1, after cycle 2, and after consolidation treatment. Primary end point for all analyses was relapse with censoring at death in first CR (CR1). Secondary end points were relapse-free survival (RFS), in which death in CR1 was included as a competing risk event, and overall survival (OS). In each landmark analysis, time was measured from the date of sampling. RFS, OS, and relapse incidence curves 22 were calculated according to Kaplan-Meier. In addition, competing risks actuarial estimates of relapse and death in CR1 at 4 years were estimated by cumulative incidence functions 23 and are presented in Table 2 .
RESULTS
Regression Analysis for Corrected and Uncorrected MRD Percentage and LAP-Positive Log Reduction
MRD percentages were assessed by including a correction factor as described in Patients and Methods. In addition, we investigated the prognostic impact of the percentage of LAP-positive cells without a correction factor and the log reduction of LAP-positive cells, an approach previously used by Kern et al. 11 For each of the three covariates-log-transformed percentage of MRD, 10 log-transformed percentage of LAP-positive cells, and LAP-positive cell log reduction-Cox regression analysis after landmark cycle 2 with the end point of relapse was done with adjustment for AML risk and early or late CR. All three covariates showed a highly significant association with risk of relapse: hazard ratio (HR), 1.49 (P ϭ .007); HR, 1.50 (P ϭ .015); and HR, 0.66 (P ϭ .009), respectively. Note that a high log reduction of LAP-positive cells corresponds with a low percentage of LAP-positive cells. After landmark consolidation, similar results were found: HR, 3.2 (P ϭ 3.0 ϫ 10 Ϫ8 ); HR, 3.8 (P ϭ 1.6 ϫ 10 Ϫ6 ); and HR, 0.38 (P ϭ 7 ϫ 10 Ϫ6 ), respectively. To validate our previous results (described in the following paragraphs), further analyses were performed, mainly with corrected MRD percentages. 10 The highly significant association seen between MRD percentage as a continuous covariate and the risk of relapse allows searching for optimal cut points established in a wide range Cycle 3  52  22  26  18  14  33  Autologous SCT  65  27  44  31  10  24  Allogeneic SCT  92  38  56  40  12  29  Risk group  Good  64  27  38  27  14  33  Intermediate  143  59  88  62  19  45  Poor  34  14  15  11  9  21  CR achieved  After cycle 1  181  75  114  81  23  55  After cycle 2  60  25  27  19  19  45  G-CSF  Did not receive G-CSF  115  48  64  45  19  45  Received G-CSF  126  52  77  55  23  55 Abbreviations: AML, acute myeloid leukemia; CR, complete response; G-CSF, granulocyte colony-stimulating factor; MRD, minimal residual disease; RAEB, refractory anemia with excess blasts; RAEB-t, RAEB in transformation; SCT, stem-cell transplantation.
‫ء‬
Total No. of patients available for MRD analysis in whom at least one sample was used for MRD analysis in landmark cycle 1, landmark cycle 2, or consolidation.
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‫ء‬
Actuarial estimates at 4 years of RFS and cumulative incidence of competing risks relapse and death in CR1.
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of MRD values (between 0.01%, which is the detection limit, and 1%) and discriminating patients with high MRD (MRD-positive, poor prognosis) from patients with low MRD (MRD-negative, good prognosis).
Landmark Analyses After Cycle 1, Cycle 2, and Consolidation Treatment
After remission induction cycle 1, median MRD was 0.040% (range, 0.01% to 16%; n ϭ 164). The dotted curve in Figure 2 shows P values for a test of difference in relapse rates between MRD-positive patients and MRD-negative patients in the MRD range of 0.01% to 1%. For almost all cut points between 0.05% and 0.8%, differences were significant (P Ͻ .05).
After remission induction cycle 2, median MRD was 0.023% (range, 0.01% to 21%; n ϭ 183). The dashed line in Figure 2 shows P values in the MRD range of 0.01% to 1%. For all cut points more than 0.04%, differences were significant. After consolidation treatment, 121 patients were evaluable, of whom 32 had received chemotherapy only, 44 had received autologous stem-cell transplantation, and 45 had received allogeneic stem-cell transplantation. Median MRD was 0.021% (range, 0.01% to 9.6%). The dotted-dashed line in Figure 2 shows P values in the MRD range of 0.01% to 1%. For all cut points greater than 0.01%, differences were significant. The same analysis for uncorrected LAP-positive percentage, LAP-positive log reduction, and analysis with competing risk regression 24 shows similar results after all cycles (Data Supplement).
These analyses validate our retrospectively defined cut points, 10 although the cut points suggested by others are within the ranges described earlier. 25 With the limited number of patients per landmark, it is not possible to accurately determine the optimal cut point, which is also reflected by the fluctuation in P values shown in Figure 2 (and the Data Supplement). For reasons of applicability in the clinic and uniformity after every cycle of chemotherapy, we decided to use a cut point of 0.1% to distinguish MRD-negative patients (MRD-negative, Յ 0.1%) from MRD-positive patients (MRD-positive, Ͼ 0.1%). The upper panel in Figure 3 shows that relapse incidence is higher for MRD-positive versus MRD-negative patients for the three landmarks. In addition, MRD-positive patients showed adverse outcome after the three cycles: for OS, P ϭ .03, P Ͻ .001, and P ϭ .008, respectively; for RFS, P ϭ .008, P ϭ .001, and P Ͻ .001, respectively (Data Supplement).
Proportional Hazard Is Highest in the First Year
The upper-middle and upper-right panels of Figure 3 suggest nonproportionality, with the largest differences in the rates of relapse seen in the first 12 months, without additional differences at longer follow-up. We have tested this by estimating the HRs for relapse of MRD-positive versus MRD-negative patients after landmark cycle 2 (adjusted for CR, AML risk, WBC, consolidation treatment, age, and G-CSF) in the periods 0 to 6 months: 35 relapses; HR, 13 The difference between the three hazard ratios is highly statistically significant (likelihood ratio test 2 ϭ 20.9 with 2 df; P Ͻ .001). This clearly shows that the MRD status is a strong prognostic indicator for the risk of relapse only in the first year.
Use of MRD for Risk-Based Decisions About Consolidation Treatment
After induction treatment, decisions about consolidation treatment have to be made for patients in CR. In the HOVON/SAKK AML 42A study, these decisions were based on traditional risk parameters such as early or late CR and cytogenetics. Because MRD information was not available at that time, we performed multivariate Cox analysis after cycle 2 to see how knowledge of the MRD status could add to the information on prognostic factors determined at diagnosis (Table 2 ; additional statistical information in the Data Supplement). Twentyone patients did not receive any consolidation treatment, of whom 19 have relapsed. For most of these patients, poor condition, slow recovery after cycle 2, and (early) relapse prevented them from getting consolidation treatment. The estimated HR for MRD-positive compared with MRD-negative patients is almost the same in both analyses (2.97 in univariate and 2.60 in multivariate analysis). Notice that these values are higher than the HRs for late CR (2.44 and 1.67, respectively), WBC more than 100 ϫ10 9 /L (2.31 and 2.12 ϫ10 9 /L, respectively), and intermediate risk (1.81 and 2.55, respectively) with respect to good risk. Within each of the three risk groups, the MRD-positive patients showed a significantly higher risk of relapse (Figs 3D to 3F ).
Relation Between MRD After Cycle 2 and Clinical and Molecular Subgroups
Subgroup analyses were performed for MRD after cycle 2 with various clinical and molecular parameters (Data Supplement). Because of the relatively small groups, the results should be considered exploratory. First, for each parameter, we looked for differences between the subgroups in percentages of MRD-positive patients. The overall percentage of MRD-positive patients after cycle 2 was 23%. A significantly higher proportion was found for patients with late CR (19 [41%] P values for various minimal residual disease cut points. P values for relapse by cut points for the percentage of minimal residual disease (MRD)-positive patients (using corrected leukemia-associated phenotypes (LAP)-positive values, as outlined in Patients and Methods), for three landmark analyses: after first cycle (gray dotted line; n ϭ 164), second cycle (gold dashed line; n ϭ 183), and after consolidation therapy (blue dotted-dashed line; n ϭ 121). For each cut point, the group of patients with values above the cut point were compared with those below the cut point by using Cox regression analysis with end point relapse, with adjustment for risk group, after cycle 2, after consolidation, and for late versus early CR. The horizontal line represents the P value of .05, which is considered the borderline for statistical significance.
Minimal Residual Disease Detection in AML
www.jco.org variables, no significant differences were found. Subsequently, we tested for differences between subgroups of each parameter in the HR for relapse of MRD-positive compared with MRD-negative patients. The HR for MRD-positive patients with late CR was much higher (HR, 6.76) than that for patients with CR after cycle 1 (HR, 1.42; test for interaction P ϭ .006). This is illustrated in Figure 4A . The 19 patients who were MRD-positive with late CR after induction cycle 2 showed the most adverse outcome (P Ͻ .001), which is independent of AML risk group. 
Outcome When Combining MRD Status After Cycle 2 and Consolidation Therapy
In 89 patients, MRD data were available after both induction cycle 2 and consolidation therapy. For most of these patients, the MRD status was the same after cycle 2 and after consolidation (negative/negative, n ϭ 62; positive/positive, n ϭ 15). Twelve patients showed different MRD status (positive/negative, n ϭ 7; negative/ positive, n ϭ 5). Figure 4B shows the relapse incidence after consolidation in the four subgroups. Multivariate analysis after consolidation did not show a better fit by inclusion of the MRD status after cycle 2 in the model, but this is not surprising, given high concordance between MRD status after cycle 2 and consolidation and the small numbers in the subgroups.
Comparative MRD Assessed by Flow Cytometry and qRT-PCR
In addition to MRD detection based on immunophenotyping by flow cytometry, we also determined MRD defined by qRT-PCR for NPM1 mutation, AML1-ETO, and CBFB-MYH1, thereby realizing that this represents a subgroup with relatively good prognosis. We compared log reduction by qRT-PCR with log reduction of LAPpositive cells for both by using the optimal cut point of 2.4, primarily assessed for qRT-PCR, but which is also within the range of optimal cut points shown for flow cytometry in the Data Supplement. Both approaches correlate moderately well: 71%, with discrepancies found in 29% of the patients (qRT-PCR 
DISCUSSION
Several retrospective studies of the clinical value of immunophenotypic MRD detection in adult AML have been reported in the last decade, including a study at one of the HOVON/SAKK centers: Vrije Universiteit Medical Centre in Amsterdam, the Netherlands. 10 In this study and those of others, MRD percentage was found to be an independent prognostic factor for OS and RFS when assessed in a postinduction or postconsolidation single-center setting. To the best of our knowledge, our study is the first in which retrospectively defined cut points have been validated in a prospective cohort by using patient samples from a large multicenter clinical trial. Here, we confirm that all previously defined cut points hold up and effectively distinguish patients with adverse prognosis from those with good prognosis for the whole patient group. From a clinical practice viewpoint, MRD assessment is perhaps most useful in patients with intermediate prognostic risk because they most likely still represent a mix of variable risk subcategories, with large heterogeneity in treatment outcome. In this intermediate-risk group, too, MRD had independent prognostic value. This shows that flow cytometric detection of MRD in AML offers a powerful tool that can be used prospectively for clinical decision making. On the basis of this observation, we suggest that patients in the cytogenetic and/or molecular intermediate-risk group who are MRD positive with a late CR after cycle 2 should be treated as if they were poor risk. To determine the optimal postremission therapy for patients with AML, MRD assessment offers a novel postdiagnosis treatment-related therapy stratification. To guide risk-based treatment for the individual patient, an early evaluation of MRD percentage (after induction therapy) is essential. In that respect, the finding that MRD status after consolidation treatment overrules MRD status after second induction cycle confirms the findings of Maurillo et al 6 and may have no practical consequences. For example, that time point will be too late to decide on allo-STC. In addition, subgroup analysis revealed that patients achieving a late CR together with MRD positivity after cycle 2 proved to have extremely poor outcome. Since these data should be considered exploratory, it would be of interest to learn whether this finding could be confirmed by others. If so, this group especially qualifies for exploring new avenues of treatment such as post-transplantation epigenetic modulation, which will be tested in a 
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www.jco.org new HOVON study. Although it is possible to detect MRD by flow cytometry at a sensitivity of 1 in 100,000 cells (0.001%), 18 the maximum sensitivity achievable in most patients is between 0.01% and 0.1%. We adopted the cut point of 0.1% to define MRD-positive patients in this study because of its uniformity and applicability after all cycles of treatment. MRD assessed after cycle 2 presents itself as an independent adverse prognostic factor that can be used to distinguish poor risk in 23% of the evaluable patients.
Despite the prognostic relevance of MRD monitoring, independent of the cut point used, a portion of the MRD-negative patients still relapse. Since it has been hypothesized that leukemic stem cells are primarily responsible for relapses in AML, monitoring residual leukemic stem cells, as previously described, 26 ,27 in addition to monitoring MRD might lead to a more accurate prediction of survival outcome. However, despite higher specificity and less subjectivity in assessment, 25-27 the sensitivity of this method is lower because of the small size of the stem-cell compartment. 28 In summary, this study shows that MRD positivity predicts adverse clinical outcome in AML after induction treatment as well as after consolidation therapy and may now allow improved patienttailored risk-based therapy. 
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